ABSTRACT BURCHARD, ROBERT P. (University of Minnesota, Minneapolis), AND MARTIN DWORKIN. Light-induced lysis and carotenogenesis in Myxococcus xanthus. J. Bacteriol. 91:535-545. 1966.-Myxococcus xanthus, grown vegetatively in the light, developed an orange carotenoid after the cells entered stationary phase of growth; pigment content increased with age. Cells grown in the dark did not develop carotenoid and could be photolysed by relatively low-intensity light only during stationary phase; rate of photolysis increased with age. Photolysis adhered to the reciprocity law, was temperature-independent and oxygen-dependent, and required the presence of nonspecific, monovalent cations; it was inhibited by one of several divalent cations. Logarithmic-phase cells were photosensitized by 100,000 X g pellet preparations of sonic-treated stationary-phase cells grown in the light and dark. A porphyrin with a Soret band at 408 m,u was isolated from photosensitive cells; logarithmic-phase cells contained about 1X6 the amount of porphyrin of stationary-phase cells. The purified material had spectral and chemical properties of protoporphyrin IX and photosensitized logarithmic-phase cells. Its spectrum was similar to the action spectrum for photolysis. We concluded that protoporphyrin IX is the natural endogenous photosensitizer. Carotenogenesis was stimulated by light in the blue-violet region of the visible spectrum and was inhibited by diphenylamine, resulting in photosensitivity of the cells. Photoprotection by carotenoid was lost in the cold. A mutant which synthesized carotenoid in the light and dark was photosensitive only after growth in diphenylamine. The ecological significance of these phenomena is discussed.
The observation which led to this investigation was that colonies of Myxococcus xanthus FB on agar, incubated for 7 to 8 days in the dark and then inadvertently exposed to light, lysed from their centers outward to their peripheries. Preliminary attempts to attribute this phenomenon to induction of a prophage by visible light were unsuccessful. Further investigation of the phenomenon revealed it to be the result of photolysis of physiologically old cells grown in the dark. It was also observed that colonies developing in the light produced orange pigment, probably carotenoid, and were insensitive to light.
Blum (2) has described several photodynamic 1 Based on a thesis submitted by the senior author in partial fulfillment of requirements for the Ph.D.
degree. Presented in part at the 65th Annual Meeting of the American Society for Microbiology, Atlantic City, N.J., [25] [26] [27] [28] [29] April 1965. diseases of man and higher animals. Among the lower protista, Corynebacterium poinsettiae (14) , Sarcina lutea (21) , Mycobacterium marinum (19) , and Halobacterium salinarium (6) can be photosensitized by exogenous dyes when deprived of their carotenoids. Sistrom et al. (25) studied photodynamic killing of a carotenoidless mutant of Rhodopseudomonas spheroides and concluded that endogenous bacteriochlorophyll was the photosensitizer. Among chemotrophic bacteria demonstrated to be photosensitive, neither isolation nor identification of a photosensitizer has been reported. As indicated above, carotenoidcontaining microorganisms are capable of being photosensitized when deprived of their pigment. Griffiths et al. (13) proposed that the primary function of carotenoids is a photoprotective one.
M. xanthus is an inhabitant of the soil; this plus its ability to move over a semisolid substrate would expose the organism to alternating light and dark conditions. As (14) .
Extraction of pigments. The bacteria were sedimented by centrifugation of the culture medium at 10,000 X g. Wet pellets were suspended in acetone. The suspension was centrifuged, leaving most of the pigment in the supematant fraction.
Preparation of cell-free extracts. Large quantities of cells were harvested by centrifugation, washed twice in 0.02 M phosphate buffer (pH 7), and resuspended in a small but workable volume of buffer (all steps were carried out at 4 C). The washed cell suspension was sonic-treated for 1.5 min in a 20-kc ultrasonic disintegrator (Measuring and Scientific Equipment, Ltd.). The resulting preparation of ruptured cells was centrifuged at 10,000 X g for 15 min to eliminate the few whole cells and large debris. The supernatant fraction was centrifuged in a model 40 head in a Spinco L-2 centrifuge at 4 C for 75 min at 100,000 X g. The pellet was then resuspended in phosphate buffer (0.02 M, pH 7).
Isolation of porphyrin. A variation on the method of Bogorad and Granick (3) was employed for extraction of porphyrins. Approximately 1.3 X 108' cells (about 1 g, dry weight) were harvested, washed once in deionized water, and extracted twice with 75 ml of glacial acetic acid-concentrated hydrochloric acid (98: 2). The preparation was centrifuged at 10,000 X g, and the supernatant fractions were pooled and adjusted to pH 3.5 with concentrated ammonium hydroxide. Approximately 0.5 volume of water was added, and the pigment was then extracted into ether. The ether was extracted with 0.1 and 1.0 N HCl in sequence, and the 0.1 N extract was discarded.
Procedure for general photolysis experiments. Cell suspensions were placed in screw-capped, glass containers to a depth of 1 to 2 mm, and were exposed to cool white, 15-w fluorescent lamps (1,000 to 1,500 ft-c) on a reciprocating shaker at 22 C. When higher-intensity light was required, a 75-or 500-w GE reflector spotlight was used. The latter required the use of a fan and the interposition of a glass dish of water between the cells and the light source to prevent overheating of the suspension. Under these conditions, the 500-w lamp supplied approximately 18,000 ft-c, and the temperature of the cell suspension did not rise above 30 C.
Preliminary action spectrum. Light-sensitive cells were placed in screw-capped, square, tablet bottles. Colored filters (gelatin films, Klett-Summerson colorimeter filters, or a Kodak Wratten 18A filter) were attached to the upper face of the bottles. The remaining exposed glass was covered with aluminum foil.
Spectroscopy of cells and subcellular fractions. Difference spectra of 100,000 X g pellets and other fractions were carried out according to the method of Dworkin and Niederpruem (9) . Most of the difference spectra and pigment extracts were scanned with a Beckman DK-2A spectrophotometer.
RESuLTS
Growth in light and dark. M. xanthus FBt was cultivated in the light and dark; there was no detectable difference in growth rate and yield of the organisms under either growth condition.
Observations on photolysing cells. one phase of exponential death, or both. The photolytic process adhered to the Bunsen-Roscoe reciprocity law; i.e., it was independent of light intensity over the range tested (300 to 660 ft-c).
It was also independent of temperature (between 4 and 22 C; Fig. 9 ).
To determine whether photolysis is oxygendependent, as is characteristic of all photodynamic processes (2), photosensitive cells were placed in Thunberg tubes, which were evacuated and flushed 10 times with N2. The cells were then exposed to light in a N2 atmosphere; they did not photolyse, whereas control cells in air did.
Role To obtain a more precise action spectrum, the Argonne National Laboratory biological spectrograph was employed. The data (5) yielded an action spectrum clearly resembling the generalized absorption spectrum of porphyrins (16 10 ,000 x g, and the supernatant fraction was centrifuged at 100,000 X g. Most of the photosensitizing material was localized in the 100,000 X g pellet, suggesting that it may be bound to the wall-membrane complex. An Chemical reduction of 100,000 X g pellet preparations of photosensitive cells with Na2S204 did not significantly enhance their photosensitizing activity, nor did oxidation with air or KsFe-(CN)6 destroy the activity. Also, ammonium sulfate fractions of 100,000 X g supernatant and pellet preparations demonstrated no relationship between the ability to photosensitize and the height of 425-m,i peaks in difference spectra. Both experiments suggested that the photosensitizing moiety was not a reduced cytochrome(s).
An experiment was carried out in which FBt cells grown in the dark were sampled at various times during the stationary phase. Each sample was adjusted to contain essentially equal numbers of cells and was assayed for: rate of endogenous photolysis (Fig. 3) , rate of exogenous photosensitization of logarithmic-phase cells by 10,000 X g supernatant fractions of sonic-treated cells (Fig. 4) , difference spectrum of 10,000 X g supernatant fraction (Fig. 5) , and spectrum of 10,000 x g supernatant fraction (Fig. 6) . A 500-ml culture of FBt was sampled seven times from onset of the stationary phase (zero-time) to 31 hr into the stationary phase. Figure 3 demonstrates increasing rates of endogenously sensitized photolysis with age during the stationary phase. Figure 4 provides evidence that, as the endogenous photosensitivity of the cells increased, the ability of cell-free preparations exogenously to photosensitize insensitive cells also increased.
The 425-m,u peaks of difference spectra of the 10,000 X g supernatant fractions are depicted in Fig. 5 . There is little detectable difference in height of the peaks, except at 31.3 hr, indicating no correlation between absorption at 425 m,u and increasing photosensitivity (Table 3 ). Figure 6 demonstrates that the amount of pigment absorbing at 410 m,u increased markedly during the stationary phase. Lesser Appearance of pigment. Pigmentation, as well as photosensitivity, also appeared after termination of the logarithmic phase. Figure 8 shows the contents per cell of pigments absorbing at 379 and 477 m,i after different lengths of incubation (acetone extracts of wet cell pellets). The containing Rhodopseudomonas spheroides and a Mycobacterium sp. were illuminated in the cold. A similar experiment was carried out with stationary-phase FBt cells grown in the light (Fig.  9) . It was found, by use of a high-intensity light source (approximately 18,000 ft-c), that carotenoid-containing cells photolysed relatively rapidly at 4 C. Dark-grown cells photolysed extremely rapidly at the same temperature. Photolysis of the light-grown cells also occurred at 22 C, albeit at a considerably lower rate than at 4 C.
DiscussIoN
The photolysis of dark-grown stationary-phase cells of M. xanthus is a typical photodynamic process. It is purely photochemical, involving no diffusional or enzymatic steps, as demonstrated by adherence of the process to the reciprocity law and by its temperature independence.
Burchard and Dworkin (Bacteriol. Proc., p. 92, 1965) suggested that endogenous reduced cytochromes are the photosensitizers of stationary-phase M. xanthus cells. The suggestion was based on a crude photolysis action spectrum, which resembled the difference spectrum of cytochromes of M. xanthus (9) , and on-the location of the photosensitizer in a particulate fraction of the cells. Further experiments attempting to increase and decrease photosensitization in 100,000 X g pellet preparations of photosensitive cells by chemical reduction and oxidation, respectively, were inconclusive. If reduced cytochromes were the photosensitizing moieties, a decrease in the height of the 425-mM Soret peak of difference spectra would be expected with increasing age and photosensitivity. The data in Table 3 do not support this suggestion. However, there is the possibility that in the preparation of the fractions cytochromes are oxidized to the same level by 02
A refined photolysis action spectrum, isolation of protoporphyrin IX from photosensitive cells, and photosensitization of light-insensitive cells by protoporphyrin IX have since demonstrated that protoporphyrin IX is the photosensitizing moiety in stationary-phase M. xanthus cells. Furthermore, the photoresistance of logarithmic-phase cells is correlated with the presence of relatively small quantities of protoporphyrin IX.
Blum (2) suggested that endogenous protoporphyrin photosensitizes red blood cells. Rudzinska and Granick (23) found that old cultures of Tetrahymena geleii produce protoporphyrin after growth in the dark. Upon exposure to light, cells containing the pigment either lysed or the pigment was released into the medium. Granick (12) identified, as protoporphyrin IX, a pigment which accumulates in an X-ray induced mutant of Chlorella after the termination of logarithmic phase. Lascelles (15) discussed microorganisms which form considerable amounts of free porphyrin when grown under conditions limiting synthesis of heme enzymes. Thus, protoporphyrin has been implicated as an endogenous photosensitizer; furthermore, in some organisms free porphyrins appear in quantity only durin-, the stationary phase or at times of biosynthetic limitation. We suggest that protoporphyrin IX in M. xanthus may be a precursor or breakdown product of particle-bound cytochromes, and its appearance may reflect a biosynthetic alteration resulting from respiratory changes occurring in the stationary phase.
Any molecule lacking significant light absorption and unable to fluoresce would not be expected to photosensitize (2) . The loss of fluorescence and typical absorption spectrum of isolated protoporphyrin IX in the physiological pH range, probably due to colloidal aggregation, suggests that association with the wall-membrane complex of the cell may be necessary for the characteristic absorption and fluorescence properties. An alteration of the absorption spectrum of chlorophyll upon isolation has been reported by Wassink et al. (27) . To account for the observed exogenous photosensitization by protoporphyrin IX, it is suggested that absorption of the molecules to the wall-membrane complex of viable cells simulates its in vivo state in stationary-phase cells, resulting in the reappearance of the characteristic absorption spectrum, its ability to fluoresce, and its photosensitizing ability.
Our results indicate that the site of photodamage is the cell wall-membrane complex. The facts, that 100,000 X g pellet fractions of sonictreated photosensitive cells can photolyse insensitive cells and that morphological changes occurring during cell photolysis indicate alteration of the limiting membranes of the cells, suggest that the photosensitizer is bound to the wallmembrane complex. Also, the carotenoid must be closely associated with the photosensitizer to serve in a photoprotective role; the pigment is apparently located in the wall-membrane complex (18) .
It appears that divalent cations maintain a wall-membrane macromolecular configuration similar to that present in a medium of low ionic strength, possibly by forming salt bridges between amino acid carboxyl groups as was suggested by Brown (4) for a marine pseudomonad. This configuration may be such that immediate contact of structural components with bound photosensitizer is prevented. Monovalent cations in the absence of divalent cations may alter the configuration of membrane-bound structural components, placing them in apposition to photosensitizing moiety and subjecting them to photooxidation.
Further study is required regarding two observations. (i) Visible photodamage appears to be divisible into light-dependent and monovalent cation-dependent phases. It As in other carotenoid-containing microorganisms the pigment(s) in M. xanthus are photoinduced, but only at a time immediately prior to the appearance of photosensitivity in dark-grown cells. The increase in carotenoid content in the light parallels increased photosensitivity in the dark, suggesting a finely controlled regulation of the amount of photoprotective pigment.
From a crude action spectrum we would suggest that the photoreceptor for carotenogenesis could also be protoporphyrin IX. A sublethal amount of the porphyrin is present in lightinsensitive cells; relatively little light in contrast to that required for photolysis is required for carotenogenesis. The initial photoinduction is probably followed by light-independent dark reactions, as suggested for Mycobacterium carotenogenesis (22) .
It has been proposed that carotenoids function as a substrate for photooxidation by the excited photosensitizer in various microorganisms; they may then be cycled back to the reduced form by an enzymatic mechanism (1, 7, 10, 20, 26) . Evidence for the same function of carotenoid in M. xanthus has been presented in the form of an experiment which demonstrates photo-sensitization of carotenoid-containing cells at high light intensity at 4 C. It is suggested that the unsaturated carotenoid absorbing at 477 m,u is interposed between the photosensitizer and the photooxidizable structural component of the cell wall-membrane complex; the carotenoid may then serve as an alternative substrate for photooxidation. A reductase serves to cycle the oxidized carotenoid to the reduced state. This activity is inhibited at low temperature. Upon exposure to light, carotenoid-containing cells incubated at 4 C or dark-grown stationary-phase cells deplete their oxidizable pigment or have none, respectively; they then photolyse.
Exposure to light may have provided selective pressure for the development of carotenoids in M. xanthus and their role in photoprotection. However, presence of photosensitizer is only manifested in stationary-phase cells. In the ecological niche of Myxococcus, is it likely that the organism ever enters the stationary phase? In batch cultures, the stationary phase of growth is usually a consequence of the depletion of an essential component for growth or of the accumulation of toxic end products. The ability of the organism to move over a solid surface in its natural environment and its ability to form fruiting bodies and microcysts under conditions of nutrient depletion suggest that it need never encounter either of these situations in the vegetative cell state. When, then, does photosensitivity appear in nature? Also, the question arises as to whether the organism encounters the ionic conditions required for manifestation of photolysis in its environment. The ecological significance of this photosensitivity is, therefore, not clear. Yet, assuming that the primary role of carotenoids is a photoprotective one, the organism's ability to synthesize carotenoid(s) would indicate that it encounters conditions in which it is potentially photosensitizable.
